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Overview
Timeline

Project start date: FY2019

Project end date: FY2021

« part of ORNL response to 2018 VIO “Lab Call”
« core activity since FY2000

« supports and coordinates emissions control
research

« evolves with DOE priorities and industry needs

Budget
FY19 FY20
Coordination $250k $250k
Analysis $350k $450k
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Barriers

U.S. DRIVE Advanced Combustion & Emission
Control 2018 Roadmap Barriers & Targets:

U.S. EPA Tier 3 Bin 30 emission standard

0% conversion of criteria pollutants (NOx, CO,
HCs) at 150°C for the full useful life of the vehicle

“Development of models and simulation tools...
to predict performance and better understand
catalytic processes”
Partners

DOE Advanced Engine Crosscut Team
University of Virginia, Johnson Matthey, PNNL
U.S.DRIVE ACEC Tech Team
CLEERS Focus Group members:

— 10 engine/vehicle manufacturers

— 9 component and software suppliers

— 12 universities

— 4 national labs



U.S. DRIVE ACEC Roadmap and 215t Century Truck Research Blueprint both
emphasize the need for advanced aftertreatment research to ensure emissions
compliance for high efficiency combustion engines

(“Complionce with exhaust emission regulations will be
i —— ), mandated and requires aftertreatment technologies
S integrated with the engine combustion approaches.”

DRIVING RESEARCH AND INNOVATION FOR

e X . : X )
T P T Y. “The overarching emissions goal... is the U.S. EPA Tier 3 Bin
<:\3O emission standard...”

J

(H M . . .
...achieve greater than 0% conversion of criteria

| pollutants (NOx, CO, HCs) at 150°C for the full useful life of 1

<\’rhe vehicle.” ) \ »

r“...developmen’r of models and simulation tools ranging
from the molecular level to the system level to predict
.\performonce and better understand catalytic processes”)

215t Century Truck Partnership
“Characterize and understand PNA/HC Trap durability” Research Blueprint

ﬂ‘lnnovo’rions in catalyst materials and emission control \>
systems, especially effective at low exhaust

temperatures, are needed to greatly reduce the cost
kc:md ensure energy penalties are negligible.” )
—
(#50% emissions reduction (below current standard) at 50% — \ﬂ},
klower cost for the aftertreatment system” ) RS
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Advanced combustion technologies improve efficiency, but lean low temperature exhaust
creates emissions challenges that must be addressed before commercialization

150°C challenge :-:--: ;---- 250°C Current catalyst technology
Efficiency I.rcmge Emissions*
Benefit*  :|(°C) (9/kg)
0 '2¢0 500 750 1000 0 10 20 30
W | corto [ |
Stoich. o
a P HC
S| (BTE-BTE o) | - Nox |
'n BTEstmch i PIMI® 20
” o
o /’ 3 co/10 |
Lean *\ﬁ I- HC
SI i NOx
i .| emr20 ;
)
‘is, i co/10
TH i
| H HC
hOA H
coc i/ HH ||l |
0 ! PM*20
ﬁ i €o/10
e |- n He
(ACI) - 1N - NOX
|Tg‘ ! . PM*20
0% 10% 20% 0 250 500 750 1000 0 10 20 30
*(efficiency and emissions at 2000 rpom, ~2 bar BMEP)
QAKX RIDCE | 188 hon relevance




Advanced combustion technologies improve efficiency, but lean low temperature exhaust
creates emissions challenges that must be addressed before commercialization

Higher fuel efficiency = Unique emissions profiles = ORNL R&D portfolio spans wide range
I h ff f . . . . . . g
ower exhaust remperarures . . require variety of catalyst of applications, technologies, size
EEICIG?_;iY T f(?g&)'ale EmIS/SII(OHS formulations and systems scales, commercial readiness
enell .
L T L Catalysts’ Projects
Stoich. % ! co/10 i 7 2 ( CLEERS (ACE022) )
m HC Model new trap materials and aging effects
HCT | TW
Si %:m_ - Nox [N _} ; ; W lon SCR catalysts )
‘ ;. stoic . \ p \
S e Low Temperature Emissions Control (ACE085)
b co/10 | Discover new low T catalysts & traps )
Lean :"; HC ~ )
| e - - SCR CU Lean Gasoline Emissions Control (ACE033)
= o L : W —_— j Develop pathways for lean gasoline engines
| .., [P fo meet emissions with minimum fuel penalty
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—~ i H | (ACE153)
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rf“_ ) o |eme0 \ J \device performance & design )
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CLEERS provides a key stepping stone on the path to reduced petroleum

consumption
e CLEERS = Crosscut Lean (/Low-temperature) Exhaust Emissions Reduction Simulations

e Mission: accelerate development of emissions control technologies for high efficiency advanced
combustion engines by improving accuracy of aftertreatment system simulations

 Objectives:
- develop and disseminate pre-competitive data, parameters, and models
— support collaborations among industry, university, national lab partners
- gather feedback from industry on critical emissions control research needs
— coordinate DOE National Laboratory research efforts

advanced Goal: reduce
_ sys’re!n petroleum
simulations consumption

strategies for
high efficiency
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ORNL coordinates CLEERS activities and conducts focused R&D in support of CLEERS

objectives
ORNL CLEERS Coordination ORNL CLEERS Analysis

Iaq’rq Sets

T
:
F3
E
.
w0

Flow reactor experiments*
catalyst property measurements
protocol development
calibration & validation data sets

Cummins
Caterpillar
Daimler
Navistar
Volvo

Parameters

Tomom) om0  o00m

Specialized diagnostics
W in situ DRIFTS
N Spaci-MS, Spaci-IR

Advanced Characterization

DOE . CLEERS microscopy
TARDEC Engine Advisory XRD
EPA Crosscut BET

Team

chemisorption

Analysis

_— Modeling EOWNT e
Coordination Strategies ﬁ\\\ = thermodynamics
of National e T . .
K1 nvoPno e i pCIrCImefer eSfImOflOﬂ

Ldb R&D = 1+ KinoPrno

dIn(P) _ —BHaqs

Modeling ‘W/

micro-kinetic, global Pacifpjgl_wlqithﬂsﬂw
Chemkin, Autonomie ATIONAL LABORATC
cusfom codes

K = K oe2Mis/RY

Experiment
Protocols

*= collaborations with PNNL
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Milestones

FY Qir Milestone Status

Publish/present model for NO adsorption and release on a

2019 4 Pd-zeolite PNA Complete

2019 4  Organize 2019 CLEERS Workshop Complete

2020 5 Comple’re measurements of HC adsorption isotherms on a Complete
zeolite-based HC frap

2020 4  Organize 2020 CLEERS Workshop On schedule
Publish/present a model for HC adsorption and release on @ On schedule

2021 2
HC trap

2021 4  Organize 2021 CLEERS Workshop On schedule
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2019 CLEERS Industry Priorities Survey shows participants still value many of the
CLEERS organization activities, especially the workshop and teleconferences

average score
0123 45%6 7 8910

Annual public workshop

Monthly technical teleconferences

Standard lab protocols for catalyst measurements
Coordination of national lab emissions control R&D
Website

Access to unigue DOE lab facilities

Posting of device models & data from govt. projects
Quarterly CLEERS newsletter

Restricted access repository for sharing data
Posting location for job openings and resumes
Social media pages/groups for CLEERS participants

2
&

2z [Clzz22z22z2 (§| 2222 |f|z2z222222 |9/ 22222222 [§| ¢
o | DOO0O00 |3 | 0000 (3| 000000000 |3 | 00000000 8| 2 £ 3

dium (M], or Low (L) i (ch ) for each topic

&l Particulate Filtars [DPF)

Heawy Duty Diesel ;
rrxrrrr|fflzzrrzx |Z/zxrx |2z |Z/zzzzrzz |3 F g
DOOO0000 |2 000000 (2| 0000 |2 DDDDDDEDD%DDDDDDDD; L H
2z2232 < o

i

OOO0004
BECAA0E |
9z Tz g

fraction ranked:

M low

medium
H high

OAK RIDGE | }To8: xrion accomplishments

National Laboratory | RESEARCH CENTER




2019 CLEERS Industry Priorities Survey results provide insights on R&D needs and
guide ORNL CLEERS activities

* Plot represents averaged
scores across all topics
within each technology
separated by sector

Top technologies by sector:
— Diesel: SCR, DOC, AMOx
— Goasoline: TWC, GPF, HCT
— Natural gas: TWC, MOC

Several notable shifts since

2017
- TWC up
- PNA down
— LNT down
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accomplishments
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Survey results guide ORNL
CLEERS Kinefics activities

SCR: highest ranked
technology for diesel

- SCR aging: #3 topic
across all HDD
technologies & topics

— Re-started modeling of
aging effects on SCR

HCT: second highest ranked
technology for gasoline

— Ramped up work on HCT
adsorption/desorption

PNA: highest ranked
technology in 2017, but
interest has waned since

- Ramped down PNA work



SCR: Modeling of aging impacts on Cu-SSZ-13 SCR catalyst performance

e Prior work (FY2015-2017) focused on hydrothermal aging of a commercial Cu-SSZ-13 (GM truck)
- Observed largest impact was loss of high tfemperature NH; storage capacity
— Collected enormous data set on NH; adsorptfion/desorptfion as a function of aging

NO+NO, SCR NH, storage capacity

W 700C 4h

Cu-SSZ-13
aging:

800C 2h googo Al

800C 4h 10% O,
= 800C 8h 10% H,O
evaluation:

60000 h!

300 ppm NH,
03 1 . - 0 or 300 ppm NOx
02 3 * 001 | 10% O,

0.1 | = 5% H,O

0 A A A A A A 0 5% C02
150 250 350 450 550 150 250 350 450 550 250 300 350 400 450
temperature (°C)

1
09 -
0.8 -
0.7 -
0.6 -
05 3
0.4

B 800C 16h

H

NOx conversion

temperature (°C) temperature (°C)

« Future HD emissions regulations may increase durability requirements significantly (>800 k miles)
- Hired (Jan. 2020) an expert on modeling of adsorption/desorption phenomena in zeolites

- Developing strategies for modeling changes in catalyst performance over vehicle full useful life
by starting with prior data sets on aging of Cu-SSZ-13
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SCR: Model development initially focused on how aging impacts NH; storage

« Model formulation based on thermodynamics of NH; and H,O adsorption calculated at numerous
potential sites in Cu-SSZ-13 (Paolucci et al., JACS, 138 (2016) 6028-6048)

« Modelincludes 3 distinct NH; storage sites with constant adsorption enthalpies (Langmuir isotherm)
— One site includes H,O competition

« Adsorpfion energefic parameters and site densities were fit to NH; storage data sets
- Only site densities were varied with aging

" Adsorption Reaction Inventory Expression AH AS
2+
Cu P YEXP (kJ/mol)  (J/K/mol)

Z,CuOH + NH, <> Z,CuOH-NH, ( K1Cn, ) -54.5 -30.0
1

Z,CuOH + H,0 <> Z,CuOH-H,0 1+ KiCny, + KuCpy o)  -321 -24.2
C 2+
! - KZCNH3
1 + K2CNH3
H* K3CnH,
: ZH + NH, <> ZH-NH, Wy -91.9 -28.9
1+ K3CnH,
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SCR: NH; storage model accurately predicts NH; inventories over a wide range of
temperatures and compositions; aging is captured by changing only site densities

700°C4h 800°C2h 800°C4nh 800°C8h 800°C 16 h
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SCR: Kinetic model for conversion of NH, storage sites with aging captures changes
in site densities calculated from NH; storage isotherm data sets

« Developed aging model to predict changes in NH,4

| storage site densities
SEEP) ':-._,._ total e Fit aging kinetic parameters to calculated changes in
g e adedadadede bl ¥ site densities from adsorption isotherms
2 009 | e Resulting aging kinetic model captures changes in site
ﬁ densities reasonably well
% 0.06 | Z,Cu
> t"“===*=======‘ﬂ Aging Reaction Rate Expression k (h1)
o Z,CuOH
= 003 & ZH + ZCu — Z,Cu + H,0 d[(zHaz(tZCu)] - kllzHZeCS k,: 0.92
Y ZH
- - - aer er o o o> o .
—e- W ZH+CuO«>Z,CuOH  dlZCOH o cio) = ko [z,cuoH]  Kai 0-10
0 [ [ I [ [ I [ ] dt k .O 49
,:0.
0 2 4 6 8 10 12 14 16
27H +0.50, - 2Z il zHicees ky: 0.24
Aging Time at 800 °C (h) dt O
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SCR: NH; storage model has been successfully converted to a transient kinetic
scheme for NH; adsorption and desorption

700°C 4 h
35 600
—Data
30 ++++ Model /500
- - Temperature /
7 o~
- a0
= ’
~ ) [+*]
S ’ s
£ ) 300 &
2 / £
I ’ g
E -------------------- ! 200 g
&
100
_,}%"\_ 0
50 100 150 200 250
Time (min)

« Converted steady state NH,4
storage model into expressions
for adsorption/desorption rates

« Resulting kinetic model
accurately capftures
isothermal desorption data
(Some TPD wrinkles remain)

e Next step: SCR reactions
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HCT: Chemical structure impacts storage isotherms on BEA zeolite trap material

iso-octane n-octane m-xylene 1-octene ethanol Extruded BEA zeolite

M AAAS \O/ A “OH (Johnson Matthey)

ﬁ
X 0.25 degreen: 700 °C 4 h
5 T(C) |“30000 n:
RY 30000 h

é 0.2 ass op o 75 10% O,

- x X 100 10% H,0O
g 0.15 . " - S ':'} N L I L o 125 | 10% CO,
o - .* ! O ot - R o” evaluate:
© 01 . K R 0 1751 60000 h-!
Q . N L ox X . L as * g 0 200 | 200-3000 ppm C1 HCs
O 005 - @ N « N s X g o 225
7] R L, o0 A & o © 250 0.5% O,
S s csson gmB8222 Smawosd glic00 g pafhd s

0 0.0002 0.0004 0 0.0002 0.0004 O 0.0002 0.0004 Q0 0.0002 0.0004 O 0.001  0.002

P,c (bar)

« Experiments included a range of (mostly C8) chemical structures found in gasoline
— Similar species are found in cold start gasoline engine exhaust (ACE153)

* Linear HCs have higher uptake than branched or aromatic HCs
« Higher uptake of 1-octene could in part be due to surface reactions (coke formation)

 Unexchanged BEA stores very little ethanol
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HCT: Simple single site Langmuir isotherm captures storage capacity trends

iso-octane n-octane m-xylene 1-octene ethanol - -
~ Single-site
- XA i \O/ PV OH Langmuir
< 0.25 i .
3 . 1(°C) isotherm:
E o2 =23ﬁ#=""€““ 75 Whe = OpcWrotal
B m n ! __.-X-->'<"" 100
g 0.15 e X ::;!ififf;ffﬁ::f e ol . 125 0,0 = Kaas Prc
.- .- - , o_.-
8 0.1 "_r ’,)"v -~ -r"’ ,,-"'" 4 /.;,«"D 175 1+ Kaas Puc
Q ‘0 0 e e B o - - 200 ~AGggs
5005 e e e g e 25 | kuas =)
'<o 0 | aEa =T i e e o e D . R e R N B AG. . =
0O 0.0002 0.0004 0 0.0002 0.0004 O 0.0002 0.0004 0 0.0002 0.0004 0 0.001  0.002 AH a_dZS 4T
ads ads
P,c (bar)
WTotal 0.181 0.155 0.180 0.203 0.040 (mol/l)
AH 445 -68500 -71100 -53000 -89000 -21200 (J/mol)
AS 4y 113 94 -72 120 6.3 (J/K/mol)

 Model discrepancies with 1-octene likely due to surface reactions

« Next steps: isotherms for blends, transient uptake/release experiments
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PNA: Wrapping up mechanism development work, investigating capacity loss on
sequential NO storage/release cycling with UVA

Collaboration with University of Virginia (Kevin Gu, Prof. William Epling)

0 1873 cm
e e . N cm
« Writing manuscript on NO P P2+
adsorption/desorption mechanisms . ; I
- Pd-ZSM-5 model PNA material (from )
T2150°C No H,0 or CO
JOhnSOﬂ-MOTThGY) n H,0 NO effects at high T H,0
T<150°C T2150°C
* Investigating underlying cause of loss Heat
of NO storage capacity on sequential " g H,0 inhibition o n-1H,0 0 1818 em’
cycling in Pd-zeolites O b ) a O e
- 0 -
H* - -
- UVA subcontract S W -
- UVA-synthesized materials CO promotion
atlowT ﬂ (—Pﬁ"
. . C
« Future PNA modeling work contingent o PA*0-H H* o
upon discovery of a PNA maferial with NO displaces CO
stable adsorption capacity n-1H,0 NO
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Collaborations: 33 Indusiry, 23 Academic, 12 Natl. Labs/Govt.

f(—Advanced Engine Crosscut—\ Industry: Universities: %
—~ACEC Tech Team John Deere  Chalmers Univ.
e . . T ™ Bosch Michigan Tgch. Univ. -
U.S. Govt.:[ LD OEMs: | HD OEMs: Suppliers: Tenneco Pennsylvania State Univ.
DOE VIO | FCA Caterpillar | BASF IAV Politecnico di Milano
Ford Cummins Johnson-Matthey| Emissol Purdue Univ.
\ GM y Daimler Umicpre UCT Prague
EPA Navistar COI’I’\II’?Q National Labs: Univ. of Houston
Paccar Delphi ORNL Univ. of Kentucky
kTARDEC Volvo ) PNNL Univ. of Notre Dame
CLEERS Industry Survey Recipients —) ANL Un!v. of Mlchlgon
LANL Univ. of Virginia
Univ. of Wisconsin
\. CLEERS Technology Focus Group J
CNH Aramco CanmetEnergy Binghamton Univ. SUNY at Buffalo
Denso AVL CPERI/CERTH Karlsruhe Inst. of Tech. Univ. of Connecticut
Hyundai  CTS ECC Canada Loughborough Univ. Univ. of Mass. Amherst
Isuzu Exothermia KRICT Mass. Inst. of Tech. Univ. of New Mexico
NGK Gamma KIMM Queens Univ. Belfast Univ. of Tennessee
Toyota Faurecia NREL Seoul National Univ.
K SPMC SWRI J
CLEERS Participants
OAK RIDGE
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Responses to Comments from Reviewers

Reviewer Comments: Responses:

- “Perhaps the greatest challenge today for « Remaining PNA work focused on capacity
palladium (Pd)/zeolite PNAs is the gradual degradation, primarily through UVA subcontract
deterioration of the storage efficiency on back-to- . o
back tests.” « PNA modeling efforts have been put on hold until this

problem has been resolved

- “...the PNA work should focus on novel materials « This project does not develop new materials

that are not part of another lab effort.” .
- We develop models for promising materials that

have been developed elsewhere

« Other projects in the DOE VTO portfolio are addressing
this issue (including tasks at PNNL and ORNL)

« “Overthe years, CLEERS has been flexible to « We are frying to make the most of the resources we
redirect itself according to the shifting priorities in have by expanding our team through additional
the field and indusftry, such as stronger focus on ORNL staff and outside collaborations

PNA and hydrocarbon traps. In the process, .
however, a Couple of focused activities—such as  We have relaunched our NH3 STOfCIge modellng efforts
ammonia (NH3) storage—were sacrificed. Given
the project team’s expertise, the reviewer
recommended that the project receives more
resources to tackle further challenges in broader
sense; CLEERS is a worthwhile “bang for the buck.”

« We will confinue working on low temperature traps,
although PNA efforts are currently at a reduced level

We will continue to look for ways to make the most of
our resources while being responsive to industry needs

OAK RIDGE

National Laboratory
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Remaining Challenges & Barriers/Future Work

Remaining Challenges: Future Work: (subject to change based on funding)
« Ongoing need for coordination < Continue coordinating CLEERS activities: workshops,
and collaboration in emissions teleconferences, website, surveys
conftrol R&D
« Future requ.iremen’rs fo.r * Urea SCR catalysts:
>800,000 mi full usetul life for HD - Develop full kinetic SCR model that incorporates effects of
emissions confrol systems aging on NH, storage and NOx conversion performance
- Low e>.<hous’r Te.mpero’rures. * Hydrocarbon traps:
from higher efficiency engines - Measure transient HC uptake over BEA zeolite sample

and advanced combustion

modes - Develop transient kinetic models for HC trap storage/release

- Measure adsorption isotherms over a Pd-ZSM-5 HC trap

- Quantify effects of aging on HC uptake and release
Passive NOx Adsorbers:

- Publish paper on Pd-ZSM-5 NO adsorption/desorption

- Identify mechanism of NO storage capacity loss during
repeated storage/release experiments (UVA subcontract)

« Cold start emissions
compliance

 90% conversion of NOx and
HCs at 150 °C

(N)aﬁ?,ﬁll}igﬁg TASFORTATION future work




Summary

e Relevance

— CLEERS supports the development of simulation tools for the design, optimization, and control of next
generation advanced combustion engine/aftertreatment systems that maximize efficiency while still
meeting emissions standards

« Approach

— Promote sharing of precompetitive information among the emissions control community through
workshops, teleconferences, website, and surveys

- Develop modeling strategies, reaction mechanisms, parameter estimates, experimental protocols, and
data sets to support development of aftertreatment simulation tools, with a particular focus on catalysts for
low temperature exhaust

* Technical Accomplishments

- Muaintained high levels of participation in CLEERS activities

— Developed a detailed model that captures aging effects on NH; storage over Cu-8SZ-13

- Measured adsorption isotherms for several gasoline constituents on a BEA zeolite hydrocarbon trap
e Collaborations

— University of Virginia, Johnson Matthey, PNNL

- Advanced Engine Crosscut Team, U.S.DRIVE ACEC Tech Team, CLEERS Participants
» Future Work (subject to change based on funding levels)

— Continue coordination of CLEERS activities

- Measure & model adsorption/desorption phenomena on PNAs, HC Traps, and urea SCR catalysts

OAK RIDGE

National Laboratory

NATIONAL
TRANSPORTATION
RESEARCH CENTER
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Abbreviations

AMOx
CucC
DOC
DPF
GOC
GPF
HCT
LNT
MOC
OC
OEC
PF
PNA
SCR
TWC

OAK RIDGE

National Laboratory

Ammonia oxidation catalyst
Clean-up catalyst

Diesel oxidation catalyst
Diesel particulate filter
Gasoline oxidation catalyst
Gasoline particulate filter
Hydrocarbon trap

Lean NOx trap

Methane oxidation catalyst
Oxidation catalyst

Other emissions control catalysts
Particulate filter

Passive NOx adsorber
Selective catalytic reduction
Three-way catalyst

NATIONAL
TRANSPORTATION
RESEARCH CENTER

ACI
BTE
CDC
HD
LD
LTAT
LTC
MD
NG
Sl

Advanced compression ignition
Break thermal efficiency
Conventional diesel combustion
Heavy duty

Light duty

Low temperature aftertreatment
Low temperature combustion
Medium duty

Natural gas

Spark ignition
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